The Kiss1/Kiss1r system is a component of the hypothalamuspituitary-gonadal (HPG) axis, which plays a crucial role in regulating gonadotropins and gonadotropin-releasing hormone. The sex reversal process is a special reproductive phenomenon regulated by the HPG axis. To better understand the neuroendocrine mechanisms of sex reversal, cDNAs encoding kiss2 and kiss1ra have been cloned and functionally characterized from the orange-spotted grouper Epinephelus coioides, a protogynous hermaphroditic teleost. The core mature peptide (Kiss2-
INTRODUCTION
KISS1 is a neuropeptide identified as an endogenous ligand of the G protein-coupled receptor KISS1R (previously GPR54) [1] . Previous studies have shown that the KISS1/KISS1R system plays pivotal roles in the onset of puberty [2] , sex differentiation [3] , and other reproductive activities, such as the estrous cycle [4] , ovulation [5] , and pregnancy [6] . The discovery of the KISS1/KISS1R system has greatly enhanced our knowledge of the neuroendocrine regulatory mechanisms involved in reproduction.
KISS1 regulates gonadotropin secretion via the stimulation of gonadotropin-releasing hormone (GNRH) secretion [7] . KISS1-containing neurons have been demonstrated to project to areas where GnRH neurons are known to reside in the mouse brain [8] . KISS1R colocalizes with GnRH neurons in the hypothalamus [7] . Furthermore, intracerebroventricular (ICV) administration of KISS1 increases GNRH secretion followed by gonadotropin release [7] . This KISS1-induced gonadotropin release can be blocked by pretreatment with GNRH antagonists, such as acyline [8] or cetrorelix [5] .
The KISS1/KISS1R system is a missing link for understanding the feedback regulation of GNRH secretion by sex steroids [4, 9] . Both estrogen and androgen receptors have been observed in KISS1-expressing neurons [10] , and it is well characterized that hypothalamic expression of the KISS1 gene is under the control of sex steroids in rodents [11] , sheep [11] , and primates [12] .
To date, most studies on KISS1 and KISS1R have been carried out in mammals, but increasing attention is being paid to nonmammalian vertebrates, particularly fish. Since the first cloning in tilapia (Oreochromis niloticus) in 2004 [13] , kiss1r genes from other species of fish, including cobia (Rachycentron canadum) [14] and grey mullet (Mugil cephalus), have been characterized and proven to be involved in regulating gnrh and pubertal development [15] . These findings indicate that the structure and function of Kiss1r protein are highly conserved. Although kiss1 was first found in zebrafish (Danio rerio) [16] , the first characterization of kiss1 and its regulation by steroid hormone were reported in medaka (Oryzias latipes) [17] . Subsequently, kiss1 was identified from the other teleost species seabass (Dicentrarchus labrax) [18] and goldfish (Carassius auratus) [19] . Recently, two kiss genes, namely, kiss1 and kiss2, and two kiss1r genes have been found in zebrafish [20, 21] , medaka [17, 21] , and goldfish [19] . There are species differences concerning the occurrence of kiss1 and kiss2 genes and the predominance of the two kiss systems for hypothalamic-pituitary-gonadal (HPG) axis regulation. Kiss2 peptide facilitates luteinizing hormone, beta polypeptide (lhb) and follicle-stimulating hormone, and beta polypeptide (fshb) mRNA expression in the pituitary of sexually mature female zebrafish [21] . In seabass, the two kiss genes are able to induce both Lh and Fsh secretion [18] . However, in sexually mature female goldfish, intraperitoneal administration of Kiss1-10, but not Kiss2-10, significantly increases serum Lh levels [19] . The occurrence of multiple kiss and kiss1r has also been found in Xenopus [22] . These data suggested a structural and functional multiplicity of the Kiss1/Kiss1r system in nonmammalian vertebrates.
Sex reversal in marine hermaphrodite fish is a common phenomenon. Gnrh, Lh/Fsh, gonadal steroids, and other neuroendocrine and gonadal factors are involved in the regulation of sex reversal [23] . Previous studies have convincingly demonstrated that sex steroid hormones can induce a complete sex reversal from male to female in protandrous fish [24] or female to male in protogynous fish [25] . In the orange-spotted grouper, 17a-methyltestosterone (MT)-induced sex reversal is associated with a significant decrease in expression of the pituitary fshb subunit [25] . Dusky anemonefish (Amphiprion melanopus), a protandrous fish, has a greater number of GnRH-ir cells during the male phase than the female phase [26] . Similar changes in the anatomy of the GnRH system have also been found in a female to male sexchanging labrid fish, the bluehead wrasse (Thalassoma bifasciatum) [27] . Moreover, Gnrh in combination with the dopamine receptor antagonist domperidone (DOM) induces sex reversal in female Synbranchus marmoratus Bloch [28] . These studies demonstrate the importance of the HPG axis in sex reversal. It is known that the Kiss1/Kiss1r system plays a pivotal regulatory role for the HPG axis; however, whether it is involved in sex reversal in fish needs investigation.
To address this issue, orange-spotted grouper (Epinephelus coioides), a protogynous species, was employed in the present study. First, the cDNA sequences encoding kiss2 and kiss1ra were cloned and characterized. Second, the tissue distribution and downstream signal transduction pathways were investigated. Third, expression of gnrh1, gnrh3, fshb, and lhb mRNAs following intraperitoneal injection of grouper Kiss2 decapeptides (Kiss2-10) were measured to evaluate the functional role of kiss2 in stimulating the hypothalamus-pituitary axis. Finally, expression profiles of kiss2, kiss1ra, as well as gnrhs in hypothalamus during MT-induced sex reversal were also examined.
MATERIALS AND METHODS

Animals and Chemicals
Three-year-old female orange-spotted groupers (body weight, 1.3-2.2 kg; body length, 37.5-52.5 cm) were obtained from Guangdong Daya Bay Fishery Development Center (Huizhou City, Guangdong, P.R. China) in June 2008. Fish were cannulated individually through the genital pore to collect gonadal tissue in order to confirm the female stage and then cultured in floating net cages in the sea under natural conditions from June to August at temperatures ranging from 26.5 to 29.68C. The fish were fed with frozen trash fish once a day. Fish were killed by decapitation, and tissues were dissected, frozen immediately in liquid nitrogen, and then stored at À808C until RNA extraction.
The use of animals in this study has been approved by the respective Animal Research and Ethics Committees of Sun Yat-Sen University, and all experiments were conducted in accordance with the guidelines of the committee.
The core sequence of orange-spotted grouper kiss2 (FNFNPFGLRF-NH2, Kiss2-10) was synthesized by Ningbo Fish Hormone Factory, Zhejiang Province, China. The purity was 95% as determined by analytical HPLC. The rat KISS-10 was purchased from Phoenix BioTech. The MT and the methanesulfonate (MS222) were purchased from Sigma-Aldrich.
Cloning and Sequence Analysis of kiss2 and kiss1ra
Total RNA from orange-spotted grouper hypothalamus was prepared using TRIzol (Invitrogen). One microgram of isolated RNA was used to synthesize first-strand cDNA using the ReverTra Ace-a First-strand cDNA Synthesis Kit (Toyobo). To amplify cDNA fragments of the grouper kiss2 gene, degenerate PCR primers were designed based on 10 conserved amino acids from the medaka, fugu, and Gasterosteus putative Kiss2 proteins. To obtain a cDNA fragment for kiss1ra, RT-PCR was carried out using pairs of oligonucleotide primers. Full-length cDNA sequences encoding kiss2 and kiss1ra were obtained by the 5 0 -and 3 0 -rapid amplification of cDNA ends (RACE) kit (Invitrogen). All primers for orange-spotted grouper kiss2 and kiss1ra used in the present study are listed in Table 1 .
For all PCR reactions, amplifications were performed as follows: denaturation at 948C for 3 min, followed by 35 cycles at 948C for 15 sec, 52-588C for 15 sec, and 728C for 1-1.5 min. The reaction was ended by a further extension of 10 min at 728C. The amplification products were purified using the E.Z.N.A. Gel Extraction Kit (Omega BioTek) and subcloned into the pTZ57R/T vector (Fermentas). Three different individual positive clones were sequenced on an ABI 3700 sequencer (Applied Biosystems).
Putative signal peptides and cleavage sites were predicted using SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP). Putative seven-transmembrane domains were predicted using TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/ services/TMHMM-2.0). Multiple sequence alignments of amino acids were performed with ClustalX (1.81). Protein phylogenetic analysis was conducted with MEGA4 using the neighbor-joining method.
Cell Culture, Transfection, and Functional Assays
Grouper kiss1ra and rat Kiss1r were subcloned into the pcDNA3.1 expression vector (Invitrogen). The COS-7 cell line was purchased from ATCC. Cells were maintained at 378C in Dulbecco modified Eagle medium in the presence of 10% fetal bovine serum. Twenty hours before transfection, 1.5 3 10 5 cells/well were seeded into 24-well tissue-culture plates. Next, 500 ng of pSRE-Luc or pCRE-luc (Stratagene), 100 ng pcDNA-kiss1ra or pcDNAKiss1r, and 50 ng pRL-CMV (for normalization of transfection efficiency) containing the Renilla luciferase reporter gene were cotransfected into cells in 250 ll of serum-free medium using Lipofectamine (Invitrogen). Six hours after transfection, cells were incubated with vehicle or gradient concentrations (from 10 À10 to 10 À6 M) of Kiss2-10 and rat KISS-10 for a further 20 h. Cells were harvested and luminescence was measured on a Lumat LB 9501 luminometer (EG & G), and the activities of both luciferases were measured sequentially on the same sample. Transfection experiments were performed in triplicate and repeated twice.
Tissue Distributions of kiss2 and kiss1ra in the OrangeSpotted Grouper
The tissue expression patterns of orange-spotted grouper kiss2 and kiss1ra mRNA in various tissues were analyzed by real-time PCR. Total RNA was isolated from 17 tissues, including olfactory bulbs, telencephalon, optic tectumthalamus, cerebellum, medulla oblongata, hypothalamus, pituitary, stomach, intestine, liver, spleen, kidney, ovary, adipose tissue, heart, gill, and muscle (n ¼ 3). The discrete grouper brain areas dissected was based on our previous study [29] .
Potential sex differences for kiss2 and kiss1ra expression in hypothalamus were detected by real-time PCR using natural males (n ¼ 3) with the majority of spermatids in the gonad and females (n ¼ 3) with gonads at the previtellogenic stage.
Quantitative real-time PCR was performed on a Roche LightCycler 480 real-time PCR system using SYBR Premix Ex Taq (Takara) according to the manufacturer's protocol. Real-time PCR conditions were as follows: denaturation at 948C for 1 min, followed by 40 cycles at 948C for 15 sec, 558C for 15 sec, and 728C for 60 sec. Standard curves of amplification for the kiss2, kiss1ra, and 18s rRNA genes were generated using serial dilutions of plasmid constructs as templates. After amplification, fluorescent data were converted to threshold 64 cycle values (C T ). The concentration of template in the sample was determined by relating the C T value to the standard curve. Grouper kiss2 and kiss1ra transcript levels were normalized against 18s transcripts levels. The efficiency of primers for kiss2 was 1.810, and those for kiss1ra and 18s were 1.861 and 1.997, respectively.
Expression of gnrh1, gnrh3, fshb, and lhb mRNAs Following Injection of Kiss2-10
To evaluate the functional role of kiss2 in the hypothalamus-pituitary axis, female orange-spotted groupers were injected with Kiss2-10. The mRNA expression of gnrh1 and gnrh3 in hypothalamus and fshb and lhb in pituitary was analyzed by real-time PCR. Three-year-old female fish were anesthetized by immersing in a 0.01% solution of MS222 and injected i.p. with Kiss2-10 (2 nmol/g body weight at a volume of 20 ll/g body weight) or saline (20 ll/g body weight) as the sham control. Five fish from each group were collected randomly and killed by decapitation at 6 and 12 h postinjection. The hypothalami and pituitaries were quickly dissected and frozen in liquid nitrogen and stored at À808C for subsequent RNA extraction. Real-time PCR was performed as described previously. Primers for grouper gnrh1, gnrh3, lhb, fshb, and 18s RNAs are presented in Table 1 . The efficiency of primers for gnrh1 was 1.954, for gnrh3 was 1.951, for lhb was 1.847, and for fshb was 1.841. Three subtypes of gnrh in orange-spotted grouper have been cloned and clearly distinguished in our laboratory, but gnrh2 was not detected in grouper hypothalamus, and there was no cross-reactivity detected between primers of gnrh1 and gnrh3.
MT-Induced Sex Reversal in the Orange-Spotted Grouper Assay
MT (Sigma-Aldrich) was incorporated into silastic plus a curing agent (MDX4-4210; Dow Corning). The mixture was poured into a special mold (1.5 3 1.5 3 30-mm groove
À1
) and incubated overnight at room temperature to dry out. For the silastic pellets of sham controls, the same procedure was followed without addition of MT. Three-year-old female fish were divided into two groups: sham (n ¼ 25) or MT implantation (n ¼ 20). Fish were anesthetized with MS222 before implanting and sampling. The silastic pellets, which contain MT, were implanted with forceps into the peritoneal cavity of 20 groupers through an incision (2-4 mm) cut in the body wall. Sham controls received a blank silastic pellet. The two groups were kept in separate cages throughout the experiment. Five fish were anesthetized and killed by decapitation, and hypothalami were quickly dissected, frozen in liquid nitrogen, and stored at À808C for subsequent RNA extraction before implantation (Week 0) and once a week after implantation for 4 wk. Body length and body weight were recorded. A piece of the central part of the gonad was fixed in Bouin fluid in order to confirm the sex reversal stage. The expression levels of kiss2, kiss1ra, gnrh1, and gnrh3 in the hypothalamus were detected by real-time PCR, which was performed as described previously.
In order to test the effects of MT on hypothalamic kiss2 and kiss1ra expression in male fish, a second implantation of MT was also conducted for 1 wk into fish (n ¼ 5) at the third week of the first MT implantation, which exhibited male gonadal histology with spermatids present in the testis (see Fig.  6G ). Hypothalamic samples were collected and analyzed by real-time PCR.
Histological Procedures
After fixation in Bouin fluid for 24 h, gonad tissues were dehydrated and embedded in paraffin for histology. The gonad tissues were serially sectioned at 7 lm and stained with hematoxylin and eosin. The classification of the sex reversal stage was determined under light microscopy (see Fig. 6 ).
Statistical Analysis
Quantitative data were expressed as mean 6 SEM. Statistical differences were estimated by one-way analysis of variance (ANOVA) followed by Duncan multiple range tests in Figure 3 , two-way ANOVA following posttests was used in Figures 5 and 7 . A probability level less than 0.05 was used to indicate significance. All statistics were performed using SPSS 13.0 (SPSS). The EC 50 values were determined using GraphPad Prism 5.0 (GraphPad Software) from dose-response curves by means of computerized nonlinear curve fitting. 
THE Kiss2/Kiss1ra SYSTEM IN FISH SEX REVERSAL
RESULTS
Cloning and Sequence Analysis of kiss2 and kiss1ra
A full-length cDNA encoding the kiss2 precursor was isolated from orange-spotted grouper hypothalamus, and the cDNA sequence has been deposited in GenBank (accession number GQ258777). As shown in Figure 1 ; Stickleback (Ga) (Gasterosteus aculeatus) (assembly BROAD S1); Sea lamprey Kiss1, fugu, and tetraodon Kiss1 sequences were previously predicted by van Aerle et al. [16] .
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with an N-terminal putative signal peptide sequence of 18 aa and a cleavage site (GKP) at the 15th aa. Sequence comparison of deduced protein sequences showed that grouper and vertebrate KISS precursor proteins are poorly conserved. However, the mature peptide (KISS-10) and the C-terminal cleavage site (GKR or GRR) are conserved (Fig. 1B) . Phylogenetic analysis showed that KISS cDNA sequences are clustered into two separate clades: kiss1 and kiss2. The grouper kiss is clustered with the kiss2 clade and shares the highest similarity with seabass kiss2 (Fig. 1C) . The cloned full-length kiss1ra cDNA sequence is 1196 bp (GenBank accession number GQ258778), including an open reading frame of 1137 bp, 46 bp of 5 0 untranslated region (UTR) and 13 bp of 3 0 UTR. The deduced 379 amino acids contain three potential N-linked glycosylation sites, seven transmembrane domains, and a cytoplasmic C-terminus ( Fig.  2A) . In the phylogenetic analysis, the orange-spotted grouper kiss1ra gene sequence clusters with kiss1ra and is most closely related to those of Senegalese sole, tilapia, and cobia (Fig. 2B) .
Functional Characterization of Kiss2-10 and Kiss1ra
It has been demonstrated that the functional region of KISS1, KISS1-10, transduces its activity via the protein kinase C and protein kinase A pathways [19, 20, 30] . The activation of adenylate cyclase/protein kinase A and phospholipase C/PRKC signaling pathways can be measured by the CRE-luc and SREluc reporter systems, respectively. To further characterize ligand-receptor interactions of Kiss2-10 and Kiss1ra, CRE and SRE reporter gene assays were performed in COS-7 cells transfected with empty vector (control) or vectors carrying kiss1ra or Kiss1r cDNAs. Empty vector control cells exhibited no response to KISS treatment (data not shown). In COS-7 cells transfected with kiss1ra or Kiss1r, Kiss2-10 and rat KISS- THE Kiss2/Kiss1ra SYSTEM IN FISH SEX REVERSAL 67 10 increased SRE promoter activity. In SRE promoter assays, both rat KISS-10 and grouper Kiss2-10 elicited a greater than 2-fold increase in response, while rat KISS-10 showed high potency in activating Kiss1r with a nearly 5-fold increase in response at concentrations of 10 À6 M (EC 50 ¼ 0.1823 and 0.3714 lM, respectively; Fig. 3A ). Both rat KISS-10 and Kiss2-10 were found to have similar potencies in activating kiss1ra (EC 50 ¼ 0.3627 and 0.4381 lM, respectively; Fig. 3B ). However, neither Kiss2-10 nor rat KISS-10 was effective in stimulating the CRE pathway in COS-7 cells transiently transfected with either Kiss1r or kiss1ra (Fig. 3, C and D) . To confirm that the CRE promoter is functional, we treated the kiss1r-transfected cells with goldfish Kiss-10 and found that it induced CRE promoter activity in a dose-dependent manner (Supplemental Figure S1 , available at www.biolreprod.org).
Tissue Distributions of kiss2 and kiss1ra
Expression levels of kiss2 and kiss1ra in various tissues were examined by real-time PCR. Both kiss2 and kiss1ra mRNAs were expressed in all tissues examined. Within the brain, the highest levels of kiss2 and kiss1ra mRNAs were detected in olfactory bulb, while the hypothalamus exhibited moderate levels of kiss2 and kiss1ra mRNAs. In peripheral tissues, the highest mRNA levels of kiss2 and kiss1ra were found in the ovary (Fig. 4A) . The expression of hypothalamic kiss2 was higher in female than in male, whereas no significant 
FIG. 3. Kiss2-10-induced reporter activity.
A and B) Graded concentrations (from 10 À10 to 10 À6 M) of rat KISS-10 and grouper Kiss2-10 induce SRE-driven luciferase in COS-7 cells transfected with rat Kiss1r and grouper kiss1ra, respectively. C and D) Graded concentrations (from 10 À10 to 10 À6 M) of rat KISS-10 and grouper Kiss2-10 induce CRE-driven luciferase in COS-7 cells transfected with rat Kiss1r and grouper kiss1ra, respectively. Values are the mean 6 SEM from three independent experiments, expressed as the percentage increase in luciferase activity above control (without any stimulating agent). *P , 0.05 vs. 0 M; **P , 0.01; ***P , 0.001 (n ¼ 3).
FIG. 4.
Tissue distribution of kiss2 and kiss1ra in the orange-spotted grouper. A) Expression of kiss2 and kiss1ra mRNA in various tissues of orange-spotted grouper. The mRNA levels were quantified by realtime RT-PCR in 1) olfactory bulb, 2) telencephalon, 3) optic tectum-thalamus, 4) cerebellum, 5) medulla oblongata, 6) hypothalamus, 7) pituitary, 8) stomach, 9) intestine, 10) liver, 11) spleen, 12) kidney, 13) ovary, 14) adipose tissue, 15) heart, 16) gill, and 17) muscle. The results are normalized to 18S RNA. B) The mRNA levels of kiss2 and kiss1ra in hypothalamus of natural female and male orange-spotted grouper. 18s is used as the reference gene. The results are expressed as fold change. Each bar represents the mean 6 SEM of three samples. *P , 0.05. THE Kiss2/Kiss1ra SYSTEM IN FISH SEX REVERSAL differences in hypothalamic kiss1ra transcript levels were detected between two sexes (Fig. 4B) .
Intraperitoneal injection of Kiss2-10 significantly increased gnrh1 mRNA levels in the hypothalamus at 6 and 12 h postinjection; however, no significant difference was found in gnrh3 mRNA levels (Fig. 5) . A significant increase in fshb mRNA levels in pituitary at 6 h postinjection was observed, whereas no significant difference at 12 h postinjection was found (Fig. 5 ). There was no significant effect of Kiss2-10 on lhb mRNA levels at either 6 or 12 h postinjection (Fig. 5) .
Expression Patterns of kiss2, kiss1ra, gnrh1, and gnrh3 mRNA in Hypothalamus During MT-Induced Sex Reversal
The changes in gonadal histology of 3-yr-old orange-spotted groupers after MT implantation are shown in Figure 6 . Ovaries before treatment had oocytes at the previtellogenic stage (Week 0; Fig. 6A ), and the sham-implanted group remained at the same stage throughout the experiment (Fig. 6, B, D, F, and H) . In contrast, gonads exhibiting intersex transition were observed in the MT-implanted groups. Gonads at the early transitional phase were characterized by degeneration of oocytes and simultaneous proliferation of spermatogenic cysts (Week 1; Fig. 6C ). As degeneration progressed, atretic oocytes were absorbed, and spermatogenic cysts proliferated (Week 2; Fig.  6E ). Gonads at the late transitional phase were characterized by various phases of spermatogenic cysts from spermatocytes to spermatids (Week 2; Fig. 6E ). Gonads at the developing male stage were characterized by a majority of spermatids (Week 3; Fig. 6G ). The orange-spotted grouper became functionally male in the fourth week after MT implantation with spermatozoa released into sperm sinuses (Fig. 6I) .
In the first week after MT implantation, transcript levels of kiss2 and kiss1ra in the hypothalamus were reduced significantly, and kiss2 levels remained low in the second and third weeks. However, transcript levels of kiss1ra returned to the same level as controls from the second to the fourth week. In the fourth week, the expression of kiss2 in MT-treated fish increased significantly to more than 2-fold higher than controls (Fig. 7, A and B) . Grouper gnrh1 exhibited similar expression patterns to those of kiss2 with more than an 8-fold increase at the fourth week in the hypothalamus during sex reversal (Fig.  7C) . However, mRNA levels of gnrh1 showed no significant changes during sex reversal (Fig. 7D) .
A second implantation of MT for 1 wk in MT-induced male fish at the third week (Fig. 6G ) enhanced mRNA expression of kiss2 significantly, whereas no obvious changes were found in kiss1ra expression (Fig. 8) .
DISCUSSION
In this study, we have cloned full-length cDNAs encoding kiss2 and kiss1ra in a protogynous hermaphrodite fish species. The deduced amino acid sequence of kiss2 is poorly conserved with other vertebrate KISS1 orthologs, except for the core conserved putative mature peptide (KISS-10) and the GKR cleavage site, suggesting that KISS-10 is the most important functional part of the KISS1 protein. The predicted amino acid sequence of kiss1ra is highly conserved with other teleost fish and even some mammals, such as human [31] , mouse [32] , and rat [33] , with three putative glycosylation sites at its Nterminus.
Multiple forms of kiss1 and kiss1r cDNAs have been cloned from a variety of vertebrate species, including fish, amphibians, and monotremes [22] . Duplication of the ancestral kiss1 and kiss1r genes took place early in vertebrate evolution, giving rise to the kiss1, kiss2, kiss1ra, and kiss1rb genes. Gene loss has also occurred because the kiss2 gene is not found in higher 70 mammalian species such as rodents or primates, and only kiss2 and one type of kiss1r are present in Takifugu rubripes (fugu) and Tetraodon nigroviridis (pufferfish) [22] . The gene presence can be described based on the theory of duplication-degeneration-complementation [34] . In this study, only one type of grouper kiss or kiss1r was identified. Phylogenetic analysis showed that grouper kiss clusters in the kiss2 clade, and grouper kiss1r is more closely related to kiss1r sequences previously identified from tilapia and cobia, which belong to the kiss1ra subfamily [22] .
Several studies have identified the functional region of KISS, KISS-10, which transduces intracellular signaling mechanisms through KISS1R via the protein kinase C and THE Kiss2/Kiss1ra SYSTEM IN FISH SEX REVERSAL 71 protein kinase A pathways [19, 20, 30] . In this study, Kiss2-10 induced a concentration-dependent increase in SRE-luc activity and showed no potency in stimulating the CRE pathway, which provides solid evidence that grouper Kiss2-10 activates intracellular signaling via Kiss1ra. The results are similar to previous reports for zebrafish and bullfrog [20, 30] . In some fish species, such as goldfish [19] and zebrafish [20] , which have two types of Kiss1 and Kiss1r, there are ligand-receptor cross interactions and distinct differences in ligand selectivity.
High expression levels of kiss2 and kiss1ra mRNA were observed in the brain and gonads, similar to zebrafish, medaka, goldfish, and sea bass [17] [18] [19] [20] , which strongly suggests roles for kiss2 and kiss1ra in the control of grouper reproduction. In brain areas, moderate expression levels of kiss2 and kiss1ra in the hypothalamus were observed, which are fully consistent with their putative roles in the regulation of GnRH neuronal activity. Both kiss2 and kiss1ra mRNA were detected in grouper ovary and testis, as reported for human and sea bass [1, 18] . In addition, kiss2 and kiss1ra transcripts were also detected in other peripheral tissues, suggesting that these genes may play additional functional roles besides controlling reproduction [35] , but their physiological significance remains unclear.
Tissue distribution analysis showed that hypothalamic kiss2 mRNA levels in natural males were significantly lower than in females. A similar difference was also found between the reversed males at the third week after MT implantation and the sham-implanted females. However, hypothalamic kiss2 transcripts were significantly higher in reversed males at the fourth week after MT implantation than that in sham females. This seemingly contradictory result might be due to the different gonadal stages among the male fish analyzed.
Kiss2-10 injection significantly enhanced expression of gnrh1 in the hypothalamus in this study. Although most studies have demonstrated a stimulatory role for KISS1 on GnRH release, KISS-10 (1-10 nM) can significantly stimulate Gnrh mRNA expression in GT1-7 cells [36] . A direct effect of grouper Kiss2-10 on gnrh1 is consistent with the situation in mammals where KISS1 regulates Gnrh1 (mammalian gnrh). In contrast to the situation in mammals, human KISS1 can stimulate gnrh3 expression in early to midpubertal fathead minnows, which is in fact regarded as the major gnrh isoform associated with reproduction [37] . Immunohistochemistry analysis showed that in grouper GnRH1-ir, cell bodies located in the preoptic area project fibers almost exclusively to the pituitary (Liu, unpublished data), suggesting that gnrh1 is the best candidate gnrh to participate in gonadal maturation by stimulating GtH secretion [38, 39] . On the other hand, Kiss2-10 injection also simulated significantly the expression of fshb in the pituitary; however, no significant changes in lhb mRNA levels were observed. It is well known that FSH stimulates follicular growth while LH is essential for the final stages of follicular maturation [40] . In the sexually mature female zebrafish, a highly significant increase in lhb mRNA levels (approximately 8-fold, P , 0.01) and a significant increase in fshb mRNA levels (approximately 2.7-fold, P , 0.05) were found after Kiss2 decapeptide injection [21] . This may be due to the fact that the groupers used in the study were at previtellogenic stages. It is also possible that Kiss2-10 regulates fshb synthesis directly at the level of the pituitary. This possibility requires further investigation.
The most significant changes observed during the MTinduced sex reversal process were inhibition of kiss2, kiss1ra, and gnrh1 mRNA expression in the first week and stimulation in the fourth week when the fish became functionally male. On the other hand, when we treated the reversed male fish with MT for 1 wk, transcript levels of kiss2 also increased significantly. Taken together, these results indicate that the increase in kiss2 expression in the fourth week after MT implantation is caused not by loss of systemic MT but by a phenotypic switch in kiss2 responsiveness to MT associated with sex reversal. Thus, MT might stimulate kiss2 in males but suppress it in females. The changes in kiss2 expression in the hypothalamus during sex reversal might be caused by a direct effect of MT on hypothalamic Kiss2 neurons or by an indirect effect of gonadal steroid feedback regulation.
The inhibition of kiss2, kiss1ra, and gnrh1 mRNA expression in the first week agree well with previous studies showing significantly decreased expression of fshb after MT treatment in the orange-spotted grouper [25] . It has been well documented that FSH is the major stimulator of ovarian aromatase expression and an activity leading to production of E2 from vitellogenic follicles [41] [42] [43] . In protogynous sequential hermaphrodite sex reversal, oocyte atresia was 
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found to be the first histological indicator of sex reversal, followed by development of spermatogenic tissue [44, 45] . We have shown that kiss2 is a potent activator of fshb synthesis in the female grouper; therefore, the inhibition of kiss2 and gnrh1 expression that is likely accompanied by a decrease in fshb expression might be associated with ovarian degeneration. When orange-spotted groupers underwent a sex reversal to become mature males, the transcript levels of both kiss2 and gnrh1 in the hypothalamus increased significantly. Similar changes in the GnRH system have previously been reported in a female-to-male sex-changing labrid fish, the bluehead wrasse [27] . In protandrous hermaphroditic dusky anemonefish (Amphiprion melanopus), the number of preoptic GnRHimmunoreactive cells is greater in the male phase, which might be associated with proliferation and/or maintenance of spermatogenic tissue [26] . We propose that the higher expression levels of kiss2 and gnrh1 in the reversed mature male fish may play similar roles in the maintenance of male function. Thus, our findings suggest that the Kiss2/Kiss1ra system, together with the hypothalamic-hypophysial axis, may be involved in the sex reversal process in grouper.
